I. INTRODUCTION
Relativistic heavy ion collisions are an essential experimental tool for studying the transition of hadronic matter to partonic matter. The goal of these experiments is to study the quark gluon plasma (QGP) and the phase diagram of quantum chromodynamics (QCD) [1] . The QCD phase diagram is often represented in terms of the baryonic chemical potential (µ B ) and the temperature (T ) [2] . The transition from hadronic to partonic matter in the QCD phase diagram is often represented as a line in the QGP phase diagram with hadronic matter existing at low T and low µ B and quark-gluon matter existing at high T and high µ B . Lattice QCD calculations (LQCD) indicate a smooth crossover between hadronic matter and quark gluon matter as a function of T at µ B ≈ 0 and a first order phase transition as a function of T at large µ B [3] [4] [5] [6] . A critical point (CP) in the QCD phase diagram could occur where the first order crossover ends [6] [7] [8] [9] [10] [11] [12] [13] . Various regions in the QCD phase diagram can be explored using specific Au+Au collision energies. The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory has carried out a Beam Energy Scan (BES) [14] with the intent of studying regions of the QCD phase diagram at low µ B ( √ s NN = 200 GeV) through regions of high µ B ( √ s NN = 7.7 GeV).
A possible signal of the CP is non-monotonic behavior of observables related to correlations and fluctuations [12] . One such observable is the event-by-event distribution of conserved quantities within a limited acceptance such the net baryon number. The net baryon number can be represented by the experimentally accessible net proton number defined as the number of protons minus the number of antiprotons per event (∆N p = N proton − N antiproton ) [15] [16] [17] . Model predictions show that the higher moments of the net proton multiplicity distribution are sensitive to the QCD CP [18, 19] . In particular the ratio of the fourth cumulant (C 4 ) to the second cumulant (C 2 ), which is equal to the product of the kurtosis (κ) times the variance (σ 2 ), C 4 /C 2 = κσ 2 , of the net proton multiplicity distribution is predicted to deviate from the Poisson baseline near the CP.
This paper presents a study of the higher moments of the net proton distribution from Au+Au collisions using the UrQMD model. UrQMD quantitatively reproduces STAR's measured C 4 /C 2 = κσ 2 for net protons for all Au+Au collisions more central than 30%. UrQMD quantitatively reproduces STAR's measured C 4 /C 2 = κσ 2 for net protons for Au+Au collisions at all centralities for √ s NN = 7.7 and 11.5 GeV. It is shown that using a centrality definition based on the multiplicity of charged particles in the same kinematic regime as the protons and antiprotons used to calculate the moments of net protons gives biased results for C 4 /C 2 = κσ 2 except for the most central collisions.
II. THE URQMD MODEL
Ultra-relativistic Quantum Molecular Dynamics (UrQMD) [20, 21 ] is a microscopic model used to simulate ultra-relativistic heavy ion collisions at incident energies ranging from 1 AGeV fixed target energies up to collider energies of √ s NN = 200 GeV. UrQMD treats ultra-relativistic heavy collisions in terms of a microscopic transport model that describes the phenomenology of hadronic interactions below √ s NN = 5 GeV through the interaction between known hadrons and resonances.
At incident energies above √ s NN = 5 GeV, the excitation of color strings and their fragmentation into hadrons dominates the production of particles in UrQMD. Thus, UrQMD provides an ideal tool with which to study ultra-relativistic heavy ion collisions in the absence of effects from the QCD CP. UrQMD also enables the study of effects due to correlations and fluctuations of the produced hadrons on specific observables such as the higher moments of net protons from ultra-relativistic heavy ion collisions. UrQMD version 3.3 with default parameters is used for the results presented in this paper.
III. COMPARISON WITH STAR DATA
STAR recently published [22] the higher moments of the net proton distributions for Au+Au collisions at √ s NN = 7.7, 11.5, 19.6, 27, 39, 62.4, and 200 GeV as a function of centrality (the fraction of the total cross section) ranging from 0-5% (most central) to 70-80% (most peripheral). The value of C 4 /C 2 = κσ 2 was observed to deviate from the expected Poisson baseline. However, before these deviations can be ascribed to effects of the CP, effects from known physics must be considered. For example, in Ref. [22] , STAR presented a sampledsingles model that assumed the independent production of protons and antiprotons that reproduced the measured higher moments of net protons including the deviations from the Poisson baseline. Here comparisons are made to the STAR data for C 4 /C 2 = κσ 2 using UrQMD. The moments of net protons published by STAR for C 4 /C 2 = κσ 2 were calculated using protons and antiprotons with |y| < 0.5 and 0.4 < p T < 0.8 GeV/c where y is the rapidity and p T is the transverse momentum of the protons and antiprotons. The moments were corrected for efficiency. The centrality cuts were made using the multiplicity of charged particles measured in the STAR time projection chamber (TPC) [23] with |η| < 1 that were not protons or antiprotons. This centrality definition is termed refMult3 and was intended to allow the determination of centrality without biasing the measured moments. To compare with these data, refMult3 was calculated with UrQMD using all charged particles that were not protons or antiprotons that had |η| < 1 and p T > 0.15 GeV/c. Figure 1 shows the comparison between the STAR data and the UrQMD predictions as a function of centrality for a given incident energy. Also shown are UrQMD calculations for 14.6 GeV for which there are no data. The calculation of C 4 /C 2 = κσ 2 for net protons using UrQMD was done using the same techniques employed by STAR [22] . For 7.7 GeV, the χ 2 = 13.4 for 9 degrees of freedom and for 11.5 GeV, the χ 2 = 11.9 for 9 degrees of freedom, which means that UrQMD quantitatively reproduces the measured values of C 4 /C 2 = κσ 2 for net protons from these two energies at all centralities. For the higher energies, the χ 2 is above 250 for 9 degrees of freedom. Figure 2 shows the comparison between the STAR data and the UrQMD predictions as a function of incident energy for a given centrality. Also shown are UrQMD calculations for 14.6 GeV for which there are no data. The χ 2 = 13.5, 3.1, 7.9, and 13.1 for 7 degrees of freedom for 0-5%, 5-10%, 10-20%, and 20-30% respectively. This comparison means that UrQMD quantitatively reproduces the measured values of C 4 /C 2 = κσ 2 for net protons for all centralities from 0 -30% for all incident energies. For the more peripheral centralities, the χ 2 is above 80 for 7 degrees of freedom.
IV. CENTRALITY SELECTION
One difficulty with using refMult3 as the centrality definition when calculating the higher moments of net protons is that the protons and antiprotons used to calculate the higher moments are correlated with the particles used to define the centrality. For example, protons and antiprotons are strongly correlated with pions [24, 25] in this kinematic region. These correlations could reduce C 2 and C 4 . Another difficulty with using refMult3 to determine the centrality is that there may be volume fluctuations that smear the observed number of protons and antiprotons for a given centrality, which could increase C 2 and C 4 . To help interpret the effect of using refMult3 on the higher moments of net protons, the impact parameter, b, from UrQMD is used to determine the centrality, which should provide a benchmark for what would be expected for the higher moments of net protons. Figures 1 and 2 show the UrQMD predictions using b from UrQMD to determine the centrality. The values of C 4 /C 2 = κσ 2 for net protons are much lower in peripheral collisions when refMult3 is used to determine the centrality than when b from UrQMD is used to determine the centrality. As discussed above, the UrQMD calculations using refMult3 are close to the data. In central collisions, the values of C 4 /C 2 = κσ 2 for net protons are nearly the same for the two different centrality definitions. Thus the values of C 4 /C 2 = κσ 2 are lowered in peripheral collisions when refMult3 is used as the centrality definition. The question then arises whether the lowering of C 4 /C 2 = κσ 2 when refMult3 is used is due to the lowering of C 4 , the raising of C 2 , or some combination of both. Figure 3 shows the cumulant C 2 for net protons as a function of centrality from STAR [22] for Au+Au collisions at √ s NN = 7.7, 11.5, 19.6, 27, 39, 62.4, and 200
GeV using refMult3 along with UrQMD calculations for √ s NN = 7.7, 11.5, 14.6, 19.6, 27, 39, 62.4, and 200 using refMult3 and b from UrQMD to determine the centrality. The cumulant C 2 scales smoothly with the number of participating nucleons, N part . There is little difference between C 2 for net protons as measured by STAR and the UrQMD calculations of C 2 using refMult3 except at √ s NN = 200 GeV where the values of C 2 measured by STAR are higher than the values calculated using UrQMD. In the most peripheral collisions at all incident energies, the values of C 2 calculated using refMult3 to determine the centrality are higher than the values of C 2 calculated using b from UrQMD to determine the centrality, which indicates that volume fluctuations could be important in the determination of C 2 . At centralities more central than 50%, the values of C 2 calculated using UrQMD using refMult3 and b from UrQMD are similar. Figure 4 shows the cumulant C 4 as a function of centrality from STAR [22] for Au+Au collisions at central that 50%. For collisions more peripheral than 50%, the increase in UrQMD calculations for C 4 /C 2 = κσ 2 using b from UrQMD as the centrality definition is due an increase in C 4 along with a decrease in C 2 .
One reason for the decrease in the values of C 4 from UrQMD when refMult3 is used compared to the values of C 4 when b from UrQMD is used could be that there are correlations between the protons and antiprotons used to calculate moments of net protons and the particles included in the refMult3 centrality definition. A possible approach to removing the effects of the centrality definition refMult3 would be to use a centrality definition that does not include particles that overlap kinematically with the protons and antiprotons used to calculated the moments of net protons. STAR used this method for the higher moments of net charge [26] . The procedure in- volved using charged particles with |η| < 0.5 to calculate the higher moments of net charge while using charged particles with 0.5 < |η| < 1.0 to determine the centrality. Thus the particles used to calculate the moments did not overlap kinematically with the particles used to define the centrality. This centrality definition is termed refMult2. Figure 5 shows a similar analysis for the higher moments of net protons using UrQMD. The higher moments of net protons are calculated with |η| < 0.5 with p T > 0.4 GeV/c and p < 3.0 GeV/c corresponding to the the momentum acceptance of the STAR TPC using time-offlight information (TPC+TOF) [23, 27] . The centrality is determined from UrQMD using refMult2, refMult3, and b from UrQMD. The centrality selection criterion has little effect on C 4 /C 2 = κσ 2 in the most central bin. At centralities other than 0-5%, the values of C 4 /C 2 = κσ 2 where the centrality was selected using b from UrQMD are higher than for the two multiplicity-based centrality definitions. At the higher incident energies, the values of C 4 /C 2 = κσ 2 calculated using refMult2 and refMult3 are similar. At the lower incident energies, the values of C 4 /C 2 = κσ 2 calculated using refMult2 are considerably higher than the values of C 4 /C 2 = κσ 2 calculated using refMult3. The question again arises whether the lowering of C 4 /C 2 = κσ 2 when refMult2 and refMult3 are used is due to the lowering of C 4 , the raising of C 2 , or some combination of both. Figure 6 shows the cumulant C 2 for net protons as a function of centrality calculated using UrQMD for Au+Au collisions at √ s NN = 7.7, 11.5, 14.6, 19.6, 27, 39, 62.4, and 200 using refMult2, refMult3 and b from UrQMD to determine the centrality. There is little difference between C 2 for net protons calculated using UrQMD using refMult2 and refMult3 as the centrality definition. In the most peripheral collisions at all incident energies, the values of C 2 calculated using refMult2 and refMult3 to determine the centrality are higher than the values of C 2 calculated using b from UrQMD to determine the centrality, which indicates that volume fluctuations could be important in the determination of C 2 . At centralities more central than 50%, the values of C 2 calculated using UrQMD using refMult2, refMult3, and b from UrQMD are similar. Figure 7 shows the cumulant C 4 as a function of centrality calculated using UrQMD for Au+Au collisions at √ s NN = 7.7, 11.5, 14.6, 19.6, 27, 39, 62.4, and 200 using refMult2, refMult3 and b from UrQMD to determine the centrality. At the lower incident energies, the values of C 4 calculated using refMult2 as the centrality definition are higher than the values of C 4 calculated using refMult3 as the centrality definition. At the higher energies, the values of C 4 calculated using refMult2 as the centrality definition are comparable to the values of C 4 calculated using refMult3 as the centrality definition. At all incident energies, the values of C 4 calculated using b from UrQMD as the centrality definition are higher that the values calculated using refMult2 or refMult3 as the centrality definition. Also visible in Figure 7 are relatively large fluctuations in C 4 calculated using UrQMD with refMult2 and refMult3 as the centrality definition in central collisions, which are similar to those observed by STAR.
At √ s NN = 7.7 and 11.5 GeV, the values of C 4 calculated using refMult2 as the centrality definition are markedly higher that the values of C 4 calculated us-ing refMult3 for non-central collisions. This is also reflected in C 4 /C 2 = κσ 2 at 7.7 and 11.5 GeV as shown in Figure 4 . The correlations between protons and antiprotons used to calculate the moments and the particles used to determine the centrality with refMult3 get stronger at lower incident energies and in peripheral collisions [24, 25] . These correlations would make C 4 smaller when refMult3 is used to determine the centrality. On the other hand, the number of particles included in refMult2 is about half the number of particles included in refMult3 and volume fluctuations may increase C 4 when refMult2 is used to determine the centrality in non-central collisions.
V. CONCLUSIONS
UrQMD quantitatively reproduces STAR's measured C 4 /C 2 = κσ 2 for net protons for Au+Au collisions more central than 30% and STAR's measured C 4 /C 2 = κσ 2 for net protons for Au+Au collisions at all centralities for √ s NN = 7.7 and 11.5 GeV. The centrality definition affects the determination of C 4 /C 2 = κσ 2 for net protons in Au+Au collisions at RHIC at all centralities except for the most central collisions. Using refMult3, which is based on multiplicity, to determine the centrality lowers the measured values of C 4 /C 2 = κσ 2 by lowering the cumulant C 4 for collisions more central that 50%. For collisions more peripheral than 50%, the lowering of the measured values of C 4 /C 2 = κσ 2 when using refMult3 as the centrality definition occurs because C 4 is lowered and C 2 is raised. When b from UrQMD is used to determine the centrality, the values of C 4 /C 2 = κσ 2 are larger and better represent the actual higher moments of the net protons. Care should be taken in comparing the results for higher moments of net protons to theoretical models at any centrality other than the most central centrality when multiplicity-based centrality definitions such as refMult3 are used.
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